A new method of performing hot-electron impact excitation experiments using alternating-current thin-film electroluminescent (ACTFEL) devices is reported. This method relies on the use of a field-control circuit to control the magnitude of the phosphor field and consists of plotting the intensity of a given electroluminescence transition, normalized by the amount of conduction charge which flows while the field-control circuit is asserted (the electroluminescence intensity of a given transition divided by the conduction charge is denoted the impact excitation quantum yield vie), as a function of the phosphor field FP. v,e vs Fp is measured for ZnS:Tb ACTFEL devices fabricated by atomic layer epitaxy (ALE) and by sputtering. qe exhibits a threshold at approximately 0.5 MV/cm and saturation at approximately 1.5 MVlcm. The magnitude of '7ie for the ALE ACTFEL device depends strongly on temperature; in contrast, qe for the sputtered ACTFEL device is virtually temperature independent. 0 1995 American Institute of Physics.
I. INTRODUCTION
Experimental assessment of the high-field transport properties of electrons transiting the phosphor region of an alternating-current thin-film electroluminescent (ACTFEL) device is a difficult task for several reasons. First, ACTFEL devices operate under exceedingly high fields, -1-3 MV/ cm. Second, an ACTFEL phosphor is an insulator with very few carriers so that electrons must be supplied from interface or bulk trap states; it is difficult to determine the transport properties of such a material since the charge injection and transport properties are closely intertwined.
One of the earliest attempts to experimentally investigate the transport properties of an ACTFEL phosphor was undertaken by Krupka' who measured the hot-electron impact excitation of Tb-doped ZnS ACTFEL devices. Essentially, his measurement consisted of monitoring the intensity ratio of electroluminescence originating from the 'D, and 'D, excited-state levels of Tb3+ [i.e., 1(5D3)/Z(5D,)], which occur at 2.84 and 2.54 eV (i.e., 437 and 489 nm), respectively, as a function of the applied voltage using 500 Hz square wave excitation. From these measurements, Krupka concluded that since the intensity ratio increased monotonically with applied voltage, therefore the hot-electron distribution shifts to higher energy with increasing applied voltage across the ACTFEL device.
However, there is a basic problem with the experiments performed by Krupka, in terms of how the measured results relate to the hot-electron transport properties. In order to assess the high-field transport properties of an ACTFEL device, it is necessary to relate the measured transport property (e.g., the hot-electron-induced luminescence) to the phosphor field, instead of relating it to the applied voltage magnitude. This is necessary because ACTFEL behavior is often dominated by field clamping2 in which the phosphor field is approximately constant, independent of the applied voltage magnitude, because of negative feedback3 associated with field-reduction concomitant with electron transfer. Krupka was well aware of this propensity for ACTFEL devices to exhibit field clamping. '*' Furthermore, we usually do not observe the monotonic trends reported by Krupka' for the atomic layer epitaxy (ALE) and sputtered ZnS:Tb ACTFEL devices that we are presently investigating. Figure 1 shows a comparison of our typical results compared to those of Krupka.' Note that the ALE and sputtered ACTFEL devices exhibit nonmonotonic trends very dissimilar to those reported by Krupka. Briefly, we believe that the nonmonotonic trends exhibited by our ALE and sputtered ACTFEL devices are a consequence of employing the 1(5D~)/1(5D4) ratio as a measure of the hotelectron distribution. Rather than discussing in detail the nature and sources of disagreement between our data4 and Krupka's, our purpose here is to present an alternative method for performing the hot-electron impact excitation measurement that leads to clearer trends which may be related directly to hot-electron transport simulation.
Thus, the purpose of the work presented herein is to redo Krupka's hot-electron impact excitation experiment using ZnS:Tb ACTFEL devices but to circumvent the problem inherent in Rrupka's original measurements. The problem of field clamping is circumvented through the use of a fieldcontrol circuit5*6 to set the phosphor field. The problem associated with the use of EL intensity ratios is avoided by plotting the intensity of a single EL transition normalized by the conduction charge. Such a renormalization procedure leads to a quantity which is a type of quantum efficiency, which we denote as 17ie for impact excitation quantum yield. A plot of l;lie as a function of the phosphor field Fp , leads to results which can be related to high-field transport theoretical trends, such as those available from analytical models7 or from Monte Carlo simulation.* As a final introductory comment, note that Bringuier has recently asserted9 that the study of impact excitation is a better way to explore the validity of high-field transport models, rather than the conventional experimental method involving the study of impact ionization. He points out that the advantage of impact excitation is that it is a one-body process in contrast to carrier-induced impact ionization, which is a three-body process.
II. EXPERlFvlENTAL PROCEDURE
The ACTFEL devices used in this work employ the standard stack configuration in which the phosphor layer is sandwiched between two insulating layers which are contacted by aluminum and indium tin oxide top and bottom electrodes, respectively.6 Two types of ZnS:Tb ACTFEL devices are measured. One type of ACTFEL device possesses barium tantalate insulators and the phosphor is deposited by sputtering using TbOF as a luminescent impurity. The other type of ACTFEL device is deposited by ALE using aluminum titanium oxide insulators. Both of these kinds of ACTFEL devices are fabricated at Planar Systems. It should be noted that our ACTFEL devices differ from those of Krupka' whose devices possessed only one insulating layer and whose phosphor layer was deposited by evaporating using TbFs or Tb metal as dopant sources. ' The hot-electron impact excitation experiment utilizes a field-control circuit to hold the phosphor field at a constant value while the luminescence is monitored. The details of the field-control circuit have been discussed previously."*6 Succinctly, voltage feedback is used to set the phosphor field to a desired, constant value during the portion of the wave form in which the field-control circuit is asserted. Although the field-control circuit we use is essentially identical to that described by Douglas, 5*6 the wave forms we use are different. Figure 2 shows the relevant portion of the applied voltage wave form used in this work and a corresponding luminescence transient. The initial portion of the voltage wave form is a burst of 28 voltage pulses (i.e., bipolar pulses with 5 /J,S rise and fall times and a 30 p pulse width) applied at a frequency of 10 kHz (the voltage burst wave form shown in Fig. 2 is distorted because of aliasing associated with sampling using a digital oscilloscope). The purpose of this voltage pulse burst is to achieve a steady-state condition in which the interface states at one interface are essentially filled with electrons. Note that a high level of brightness is achieved during this portion of the wave form, as expected, since a large number of electrons are injected and transported across the phosphor and excite luminescent impurities at a high rate. The next portion of the voltage wave form is a dead period in which no voltage is applied; this allows the luminescence to decay to a low level prior to the application of the field-control pulse. A field-control pulse of duration 400 ,US and a polarity opposite to that of the last applied voltage pulse follows the dead period. The phosphor field is maintained at an almost constant value during this portion of the wave form, as shown in Fig. 3 for a sputtered ACTFEL device at room temperature; this is our worst-case example for ail of the measurements performed, in terms of our ability to control the field via the field-control circuit.
En the hot-electron impact excitation experiment the luminescence is monitored only during the portion of the wave form in which the held-control circuit is asserted. (Note that in Fig. 2 the luminescence is shown for the entire wave form; in the hot-electron impact excitation experiment, the luminescence would be measured only for the duration denoted z f lm2 "field-control pulse.") Thus, the luminescence is monitored for only a small fraction of the entire wave form. At smaller phosphor fields, the intensity of the luminescence is quite low, which leads to problems in achieving a sufficiently large signal-to-noise ratio. The signal-to-noise ratio is improved in this experiment by signal averaging over multiple fieldcontrol pulses. Note that the repetition rate of the fieldcontrol pulse for the wave form used in this experiment is 50 Hz which is substantially greater than the 10 Hz repetition rate used by Douglas et ~1.~~~ This fivefold increase in the repetition rate, and the concomitant improvement in the signal-to-noise ratio, is the main impetus for using the rather compIex applied voltage wave form shown in Fig. 2 for the hot-electron impact excitation experiments presented herein.
In the hot-electron impact excitation experiment, the luminescence from one of several luminescence peaks (i.e., 437, 489, or 543 mn) is monitored using an optical setup consisting of a Chromex 500s monochrometer with a 500 nm blazed grating used to select the wavelength and a Hamamatsu 928 extended range photomultiplier tube to obtain the luminescence intensities. The transferred charge is measured via the internal charge-phosphor field (Q-F,) method using a sense capacitor." A Tektronix 420 digital oscilloscope is connected to a 486DX/2 66 MHz personal computer to store and plot the data. The sample is housed in a vacuum chamber which is connected to a two-stage closedcycle helium refrigeration system.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Results of our hot-electron impact excitation measurements using the field-control circuit are summarized in Fig. 4 in which q7ie for the 489 nm peak is plotted as a function of Fp for the ALE and sputtered ZnS:Tb ACTFEL devices at room and low temperature. Several important trends are evident from an analysis of Fig. 4 .
First, note from Fig. 4 how sensitive qe of the ALE ACTFEL device is to temperature. The EL efficiency, as evaluated via vie, is much larger at lower temperature for the ALE ACTFEL device. This improvement in qe at lower temperature is presumably associated with a reduction in the nonradiative deexcitation rate at lower temperature or with an increased heating of the electron distribution at lower temperature due to a reduction in the phonon scattering rate.
In contrast to the ALE ACTFEL device, l;lie of the sputtered ACTFEL device is relatively temperature independent. The differences in the temperature dependences of the ALE and sputtered ACTFEL devices are quite striking. Since the temperature dependence of the phonon scattering rates should be similar for the ALE and sputtered ACTFEL devices, this suggests that it is a reduction of the nonradiative deexcitation rate at lower temperature which is responsible for the high degree of temperature sensitivity of the ALE device.
Another interesting aspect of Fig. 4 is that several of the curves appear to have a threshold at approximately 0.5 MVlcm and to show evidence for saturation at a phosphor field of -1.5 MV/cm. The observed threshold could arise from a threshold in the emission of electrons from interface states or from a transport-related threshold associated with the fact that electrons in the hot-electron distribution tail must possess a minimum energy in order to induce impact excitation of Tb; this requires a minimum field for the electron distribution to be adequately heated.
Finally, note that in Fig. 4 the impact excitation efficiency increases monotonically with increasing phosphor field until saturation is reached; this is the trend which is expected and is essentially the trend reported by Krupka.' However, as evident from Fig. 1 , we could not obtain this monotonic trend using Krupka's experimental procedure.
IV. CONCLUSION
A new method for performing hot-electron impact excitation experiments using ACTFEL devices is presented in which a field-control circuit is employed to hold the phosphor field constant, and the impact excitation quantum yield is plotted as a function of the phosphor field. The impact excitation quantum yield is found to be strongly temperature dependent for the ALE ZnS:Tb ACTFEL device and almost temperature independent for the sputtered ZnS:Tb ACTFEL device.
